Introduction
Recognition of anomalous pre-earthquake phenomena has been reported for major earthquakes since 1990 (Fraser-Smith et al., 1990; Bernardi et al., 1991; Molchanov et al., 1992; Kopytenko et al., 1993; Lin and Zeng, 1992; Hayakawa et al., , 1999 Hayakawa et al., , 2000 Kawate et al., 1998; Gotoh et al., 2002; Hattori et al., 2002 Hattori et al., , 2004a Hattori, 2004; Liu et al., 2006; Molchanov and Hayakawa, 2008; Chen et al., , 2011 Han et al., 2011; Wen et al., 2012) . These reports indicate that geomagnetic anomalies prior to earthquakes are caused by either momentary existence of earthquake-related high conductivity materials or the movement of electric current along faults (Zeng et al., 1995; Merzer and Klemperer, 1997; Yen et al., 2004) . Taiwan is located on the western margin of the circum-Pacific seismic zone (Ho, 1988) . The convergence of the Philippine Sea plate and the Eurasian plate forms the Manila and Ryukyu trenches and produces many thrust earthquakes (Fig. 1) . A 3-component fluxgate magnetometer (the CCU station, 120.47 • E, 23.56 • N, Fig. 1 ) with a 1 Hz sampling rate was installed in central Taiwan in 2002 (Liu et al., 2006) . The data gathered at the CCU station are utilised to investigate subsurface electric and/or magnetic features and to further study the seismo-electromagnetic anomalies in this complex area.
The geomagnetic method is a common technique used to understand and/or monitor changes in the underground conductivity (Chiang et al., 2010) and its susceptibility ) of a specific area. Parkinson (1959) proposed that a linear relationship exists between short-period variations in the geomagnetic field, specifically among the vertical component Z, the horizontal component H and the declination D. The complex and frequency-dependent coefficients A and B are computed from H , D and Z via the magnetic transfer function. A and B are dependent on the underlying electrical conductivity structure (Lilley and Arora, 1982) . Induction arrows (i.e. Parkinson vectors) represent the ratios of the real parts of the eastward B to the northward A. Induction arrows generally point toward source locations, where the strongest induced vertical variations are generated by the inducing horizontal variations (Parkinson, 1962) . The magnitude of an induction arrow is related to both the proximity of the conductor and its conductivity contrast with the background structure (Hitchman et al., 2000) . Thus, the magnetic transfer function is usually applied to survey sites where the conductivity is higher than in the nearby areas (Parkinson, 1962; Parkinson and Jones, 1979) and it is widely utilised to study time-varying conductivity due to earthquakes (Zeng et al., 1995) and magnetic coast effects (Ogawa et al., 1986; Armadillo et al., 2001; Hitchman et al., 2000) .
In this study, coefficients A and B in 20 different frequency bands are computed from the nocturnal data (20:00-04:00 LT) using a moving window with one-minute step. Note that the total number for each coefficient (either A or B) in one frequency band is 480 each day. The Parkinson vectors at the 20 particular depths (from 5 to 100 km with a 5-km interval) are derived from frequency-dependent coefficients A and B in different frequency bands through relationships between frequency and depth (i.e. the skin depth; Cheng, 1989; Simpson and Bahr, 2005) . The Parkinson vectors are utilised to expose the momentary existence of earthquake-related high conductivity materials associated with 16 earthquakes (M ≥ 5.5, Table 1 ; focal mechanisms in Fig. 1 ) that occurred in Taiwan during the period of [2002] [2003] [2004] [2005] . The largest earthquake that occurred during the study period (i.e. EQ2, M L = 6.8, on 31 March 2002) is used as a detailed example to illustrate the relationship between seismo-electromagnetic characteristics and earthquake parameters (i.e. hypocentre depths and epicentre azimuths).
Methodology
The skin depth describes the relationship between the penetration depth and the frequency of electromagnetic waves (Cheng, 1989; Simpson and Bahr, 2005) . Because the Earth is a conductor, the skin depth is defined as the penetration distance of a natural electromagnetic wave propagating from the ground surface to the interior of Earth. The skin depth as related to frequency can be written as:
where D ep is depth (km), ρ is electrical resistivity ( -m) and f is frequency (Hz). The relationship between ρ and D ep ( Fig. 2a) at the CCU station is retrieved from previous magnetotelluric studies conducted nearby (Bertrand et al., 2009; Chiang et al., 2010) and is utilised to compute f in Eq. (1). Thus, f versus D ep (Fig. 2b ) from 5 to 100 km depth can be used with confidence.
When the relationship between f and D ep is employed by using the magnetic transfer function, D ep with respect to the Parkinson vectors can be deduced from the frequencydependent coefficients A and B at f . Thus, the azimuth (P a (D ep )) and magnitude (P m (D ep )) of the Parkinson vectors at the depth D ep can be calculated using B r (f ) and A r (f ) as follows:
where A r (f ) and B r (f ) are the real parts of A and B, respectively, computed from Z, H and D via band-pass filters centred at frequency f . The positive and negative values of P a (D ep ) bounded to intervals of 0 ∼ 180 • and 0 ∼ −180 • are determined in clockwise and anticlockwise directions from north to south, respectively. When the Parkinson vectors are employed in surveying the momentary existence of earthquake-related high conductivity materials, influences of the coast effect and inhomogeneous conductivity of subsurface structure have to be considered. The coast effect (Parkinson and Jones, 1979; DeLaurier et al., 1983; Parkinson, 1983 ) is caused by an induction field resulting from differing conductivity properties of sea water, the oceanic and continental lithosphere and has been observed in countries such as Japan (Ogawa et al., 1986) , Italy (Armadillo et al., 2001) and Australia (Hitchman et al., 2000) . The coast effect causes that the induction arrows point toward the high conductivity sea water and remain simultaneously orthogonal to the nearby coastline. Here, influences of the coast effect and underlying conductivity structure on Parkinson vectors are assumed to be persistent within the 4-yr study period (i. within a 15-day moving window to investigate the changes in Parkinson vectors with time.
Anomalous responses at different azimuths are obtained by subtracting the normalised background azimuth distribution from the normalised time-varying one at each studied depth. Derived differences from the normalised background azimuth distribution (i.e. the anomalous azimuth deviations) at 20 particular depths, which may be related to earthquake azimuths at respective hypocentre depths, are used to identify anomalous azimuths. Note that positive anomalous azimuth deviation denotes the existence of high conductivity relative to the background. Furthermore, the persistent effects on magnitude are removed by subtracting the normalised background magnitude distribution from the normalised time-varying one at each studied depth. Derived differences from the normalised background magnitude distribution are summed individually for each of the 20 depths. These 20 summed values versus the related depths are utilised to construct anomalous depth sections. The computed depth of anomalous conductivity is defined by using the largest summed value from these depth sections. Figure 3 shows the normalised background azimuth distributions of P a (D ep , D ep ranges from 5 to 100 km) to reveal the persistent effect (i.e. influences of the coast effect and underlying conductivity structure). The normalised background distributions of P a mainly concentrate within a range between −100 • and −120 • from shallow to deep depth at the western side of the CCU station. This direction ranges from −100 • to −120 • toward sea water and is orthogonal to the strike (169 • ) of the coast line nearest the CCU station (also see Fig. 1 ), which agrees with the coast effect. Regarding P a toward the eastern side of the CCU station, no significant direction can be found from the normalised background distributions of shallow P a (D ep , D ep < 30 km). The normalised background distributions of deep P a (D ep , D ep > 30 km) orient at a direction of approximately 75 • . This suggests that the crustal structure changes at approximately 30 km depth, thus, indicating the Moho discontinuity in accordance with Wang et al. (2010) at a depth between 30 and 40 km beneath Taiwan. These results also suggest the existence of relatively high conductivity materials beneath the central mountain range, which is in agreements with the magnetotelluric survey reported by Chiang et al. (2010) . Figure 4a illustrates the anomalous azimuth deviations of P a (15 km) versus the epicentre azimuth (70 • ) of EQ2 covering a period of 110 days. The anomalous azimuth deviations at each azimuth are comparable and no apparent direction can be observed except for a few days prior and after EQ1, EQ2 and EQ3. The intense and/or positive anomalous azimuth deviations at azimuth of 70 • abruptly appeared and then disappeared 15 days before and after EQ2, respectively. These results are consistent with the momentary existence of earthquake-related high conductivity materials observed by Lin and Zeng (1992) with respect to 11 earthquakes in China that occurred between 1976 and 1988. Figure 4b reveals depth sections with time-varying anomalous conductivity over the same time span. The computed depth associated with EQ2 is 10 km, which matches with its reported hypocentre depth (13.81 km). Figure 4c displays the Dst index, which characterises the severity of magnetic storms. Discrepancy between the detected anomalies and magnetic storms in the time domain suggests that the anomalous azimuth deviations and depth sections are not related with changes in space weather, but local earthquakes. Notably, anomalous depth sections (Fig. 4b) roughly agree with the actual hypocentre depths of EQ1 and EQ3 because of relatively small differences (16 km between EQ1 and EQ2; 5 km between EQ3 and EQ2) in their hypocentre depths. Figure 5 shows the comparison between computed and reported hypocentre depths for the 16 studied earthquakes. The difference between the computed and reported hypocentre depths is generally small (< 20 km) for most earthquakes, except for EQ9, EQ10, EQ11 and EQ16. We checked the entire earthquake catalogue (http://www.cwb.gov.tw) and found that other small seismic events (M < 5.5) occurred close to the studied earthquakes at the computed depths. That is, those events were identified instead of EQ9, EQ10 and EQ11. As to the mismatch in the case of EQ16, it may be caused by the fact, that EQ16 is the only event with a normal faulting focal mechanism, whereas the other 15 events are of reverse faulting or strike-slip type. Liu et al. (2006) suggested that seismo-magnetic anomalies are often observed in reversed fault or strike-slip earthquakes because of the discrepancy of earthquake-related stress accumulation. 
Observation and interpretation
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The relatively large difference between the computed and hypocentre depths in EQ16 is, thus, inferred to be associated with its normal-fault mechanism, and we conclude that the analytical method proposed in this study is more applicable to reverse and strike slip events.
Discussion and conclusions
Our analytical results indicate that high conductivity materials momentarily exist near the hypocentre during most (15/16) studied earthquakes. These features are consistent with the observations using magnetotelluric equipment at locations close to other major earthquakes (Chen and Chen, 2000; Honkura et al., 2000) . Rock susceptibilities change with accumulating stress (Stacey, 1962; Nagata, 1970) during the pre-earthquake period. Meanwhile, increases in electric conductivity around epicentres were also observed a few days before earthquakes (Lin and Zeng, 1992; Chen and Chen, 2000) . Although the fundamental mechanisms of the conductivity increase are not fully understood, it has been proposed that the electrokinetic (Fenoglio et al., 1995) and microfracturing effects (Molchanov, and Hsayakawa, 1995) may play an essential role in this process. Hattori (2004) and Liu et al. (2006) reported that seismo-electromagnetic anomalies were often observed by magnetometers close to earthquake epicentres. Therefore, we expect that hypocentre locations could be estimated in many cases by using geomagnetic data in particular from high density magnetic station arrays. A shallow hypocentre depth is a common feature of major earthquakes that cause great damage, such as the 1995 Hanshin earthquake (17 January 1995, M = 7.2, depth = 16 km) and the 1999 Chi-Chi earthquake (29 September 1999, M = 7.6, depth = 8 km). Hypocentres are distributed throughout a large depth range of, for example, 5-300 km in some regions such as the subduction zone of the Philippine Sea plate beneath Eurasian plate in northeastern Taiwan (Ho, 1988) . Thus, pin-pointing the hypocentre depth before an earthquake is very important, in view of most geophysical measurements being confined on the Earth's surface. Using the magnetic transfer function and accompanying skin depth, this study demonstrated that continuous geomagnetic data can be closely related to hypocentre depths. Our analyses of the magnetic transfer function and frequency dependent skin depths, based on data from 3-component magnetometres and magnetotelluric equipment provided a firm estimation of hypocentre depths. This knowledge may help to better assess the extent of damage that a strong earthquake may cause, in particular, if the analyses indicate a shallow depth for such a strong seismic event. Eventually, suitable precautions against seismic hazards can be taken.
In conclusion, the anomalous azimuth deviations orienting toward the epicentres and computed depths approaching the actual hypocentre depths are two important parameters that can be observed in the thrust and strike-slip earthquakes in Taiwan from 2002 to 2005. The results suggest that conductivity increases during earthquakes, specifically at the hypocentre depths. These relationships are useful to our understanding the changes in underlying conductivity as the result of earthquake-related stress disturbance. Currently, an automatic system (http://140.109.80.199/goal) has been established in Taiwan to routinely retrieve the anomalous azimuth deviations and the computed depths from 3-component magnetic data via the magnetic transfer function. The retrieved data are constantly compared to earthquake parameters (i.e. epicentres and hypocentre depths); satisfactory and interesting results have been obtained. More stations will be installed to increase the accuracy and to further construct a holistic view of conductivity changes with respect to the seismic activity.
